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SECTION 1
INTRODUCTION

The development of advanced fuels for both commercial and military aircraft has
come to a critical juncture. Aircraft of today typically employ the fuel to cool those
portions of the system which generate heat; the engine lubricating oils and hydraulic
ttuids both exchange heat with the fuel, as do the avionics and electrical systems. In
addition, higher mach travel (greater than mach 4.5) will cause airframe surfaces to
experience increased temperatures. Current development programs, such as the
Integrated High Performance Turbine Engine Technology (IHPTET) initiative, seek to
increase the performance of current jet engines by a factor of 2 (1). These performance
increases will necessitate that the higher temperatures generated will be dissipated, and at

this time, the only efficient on-board coolant is the fuel.

Thus, if the fuel is used as a coolant. it must be able to withstand higher and
higher temperatures withont degrading. Although current systems operate with an air-
cooled heat exchanger, higher mach travel will cause the stagnation temperature of air to
be too high to use in a heat exchanger. The operating temperature of the fuel must.
therefore, be expanded to allow it to be used as a coolant. The accompanying problem,
of course, is that current hydrocarbon type tucks exposed to higher temperatures can form
gums and deposits which cause nozzle touling, tuel flow control sticking, and heat
exchanger deterioration. A great deal of research in this area had been performed during
the past three decades (2-3) but significant advances in analytical chemistry and related

fields have allowed problems associated with higher temperature fuels to be addressed.
Two of the major goals of thermally stable fuels are to:

(1) Develop an improved JP-8 type fuel which will increase fuel thermal
stability from 325°F to 425°F (JP-8+100).

(2) Develop a JP-900 jet ruel which will have an operating temperature of 900°F

without significaat detenioration of fuel quality.

In addition to thes: goals associated with thenmal management of current and
future aircraft fuels, there is great interest in exploiting, if possible, the supercritical
nature of fuels. When the tuel is above a critical pressure (Pe) and a critical temperature
(Te). s considered a supercritical fluid, having properties in some ways similar (o

liquids (density, solubility) and in some ways similar to gases (viscosity, surtace ension.




Since current systems operate above critical pressures and are expected to operate above
critical temperatures, the behavior of fuel above the critical point is important to
understand. However, it is also important from a mission perspective to realize what

changes the fuel encounters as it is heated and cooled through its critical temperature.

Every aircraft mission conducted at higher mach numbers, will by necessity, experience
subcritical and supercritical fuel conditions. The understanding of the behavior in this
regime is paramount in designing and producing future aircraft fuels.

The research system produced under this effort was designed to demonstrate the
feasibility of conducting flowing experiments for subcritical and supercritical fluids,
collecting basic information about changes occurring with the bulk fluid as it is exposed
to various temperatures, pressures, residence times, reactive atmospheres, etc. Important
advances ininstrumental analysis have allowed experimenters to determine what
products are formed and what reactants are consumed from controlled exposures of
candidate fuels and model mixtures. The identity of products which may be precursors
to the formation of gums and solids in the fuel will help to determine reaction kinetics.
reaction mechanisms, and the effect of trace components in the degradation and
decomposition processes for both the subcritical and supercritical regime.




SECTION 2
BACKGROUND

The Condensed Phase Test Cell (CPTC) is just one of several test cell assemblies
which have been conceptualized for the System for Thermal Diagnostic Studies (STDS)
over the past several vears. This particular test cell assembly is different irom all other
test cells developed thus far for the STDS in that it is a high pressure assembly made
entirely of metal. Until this design, all previous test cells were constructed of high
temperature quartz, speciiically for low pressure (less than 2 absolute atmospheres)
applications. Although low pressure gas phase experiments are different than condensed
phase or supercritical phase experiments, the design of experiments and the concepts of
testing are very similar. One aspect of condensed phase and gas phase experiments
involves the determination of a degradation "profile” where all variables are held
constant except temperature. The profile is developed by conducting experiments at
various temperatures and observing the degradation of the "parent” or reactant material.
The major goal is to accurately control all expenimental variables to determine the effect
of temperature, or any other important parameter, on the stability of the sample of

interest and to determine what products are formed in the degradation process.

The same general concepts can be applied to condensed phase testing. The
variables that are critical in gas phase experiments are the important ones in liquid phase
and supercritical phase experiments, i.c., temperature, residence time (and residence time
distribution), reaction atmosphere, reactant concentration and degree of mixing. In
addition to these variables. pressure has become a critical variable in the condensed
phase; concentration of the reactant material has also increased in condensed phase
analyses. Clearly, the design and development of the CPTC have grown out of what we

consider to be important in gas phase thermal degradation experiments.
2.1 GAS PHASE REACTIONS ON THE STDS

The STDS (6-8) is a versaule mainframe system for conducting many types of
thermal analyses onany organic material. It incorporates sophisticated in-hne analyucal
istrumentation to determine both the stability ot the parent material and the dentity of
products formed trom the thermal decradation of the parent material at various

conditions.

Many authors have used the STDS and similar systems to conduct gas phase

thermal decomposition experiments tor a variety of organic materials including

3




hazardous wastes (9), pesticides (10), model mixtures (11), replacement utility materials
(12), and other compounds; these have typically been related 1o high temperature
incineration research. One published study was performed on the gas phase thermal
degradation of candidate turbine engine high density fuels (13) and unpublished studies
are available on the thermal decomposition characteristics of n-dodecane (14,15).
Results from decalin decomposition (13) describe the gas phase stability of various
enunthermic fuel candidates, and show the formation ¢of aromatic products at elevated
temperatures (greater than 700°C) in flowing nitrogen (see Figure 1). This finding was
entirely consistent with typical product formation observed for many other organic
materials under similar conditions.

Products formed from trans-decalin at lower temperature pyrolysis conditions
(substituted cyclohexadiene compounds, cyclohexenes, etc.), were consistent with a
mechanism primarily involving C-C bond rupture followed by C-H bond homolysis or
H-abstraction type reactions. The fact that these reactions were followed by the formation
of aromatics led the authors to cite other experiments in which aromatic species were
formed from various lower molecular weight olefinic and acetylenic species by
addition/displacement and other types of "molecular growth" reactions (16).

Similar studies conducted for n-dodecane have indicated that the same types of
reactions are important in the gas phase pyrolysis of straight-chain compounds. In
Figure 2, the first formed products from the pyrolysis of dodecane at 700°C were a
homologous series of olefins (15). When the temperature was increased to 800°C as in
Figure 3, aromatic formation was apparent. These studies, although qualitative in nature,
show some significant trends in predicting product formation over a wide range in
temperature. In addition, these few experiments produced information useful in
developing the global reaction kinetics for this compound.

A testing apparatus and experiments for condensed phase flow reactors have
developed out of this experience with gas phase reactors. Although the gas phase
experiments provide important information about product formation and possible
reaction pathways, the more realistic conditions of pressure (and the change in fluid
properties at these pressures) were necessary to conduct experiments of wider
applicability. However, the design of the condensed phase reactor has incorporated the
ability to control parameters that we know to be important from gas phase testing.
Because temperature in such an important parameter and is readily varied with the STDS,
experiments for condensed phase reactions can (and should) be conducted in much the

4
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same way as for gas phase reactions: constructing thermal decomposition and product
yield profiles for various residence times, temperatures, reactive atmospheres, and
pressures.

2.2 CONDENSED PHASE REACTORS

A number of different experiments have been conducted over the years to
precisely control residence time, temperature and reactive atmosphere, while measuring
product and apparent deposit precursor formation. Many flow reactor studies have been
conducted on the Jet Fuel Thermal Oxidation Tester (JFTOT) or modified JFTOT using
both real fuels and model mixtures. The following paragraphs will briefly outline some
of the pertinent studies that have been conducted for both real fuels and model mixtures
similar to those that have been investigated in these experiments.

Hazlett, et al. (17) conducted investigations on the initial reaction products of
dodecane exposed to temperatures between 200 and 540°C in the JFTOT (18). In these
experiments, hydroperoxides were the major initial products but these compounds were
thermally labile at temperatures above about 300°C, forming a variety of alcohols and
ketones. Olefin and lower normal alkane formation were also observed at higher
temperatures (340°C to 480°C) indicating pyrolysis type reactions. The explanation of
product formation was the combination of competing reactions--autoxidation (less than
260°C) and pyrolysis (greater than 480°C) with other thermal decomposition reactions

occurring between the two temperatures.

Similar studies by Reddy, et al. (19), have been successful in verifying Hazlett's
results. Reddy, however, used residence times much shorter than Hazlett (9 seconds vs.
28 seconds, respectively) and still observed similar products. Reddy reiterated that alkyl
hydroperoxides were thermally fragmenting in the intermediate temperature regions
(300-400°C) to form the alcohols, ketones and aldehydes for C12 compounds and lower.
The reactor, as in Hazlett's work, was a JFTOT apparatus, with annular flow around an

aluminum or stainless steel tube.

The excellent work provided by Taylor (ref. 20-23) incorporated a heated tube to
transport the fuel into a tour-zone high temperature furnace at pressures up to 1,000 psi
(69 atm) and temperatures to 649°C. The reactor was a 304 stainless steel tube which
was 1/4 inch OD and 0.084 inch ID (2.13 mun ID) with 12 inches of reactor in each zone.
The fuels and model mixtures used in this study were delivered by means of a nitrogen
driven piston, with an average residence time calculated to be 25 seconds. The average




temperatures in the four-zone fumace were as follows for the 1,000 psi (69 aumosphere)
tests: 149°C, 204°C, 260°C. and 316°C (20). Taylor's work demonstrated the
importance of dissolved oxygen in the deposition process, the rate of deposit formation at
various conditions of pressure and temperature, and the effect of trace sulfur, nitrogen
and oxygen for jet fuels and model mixtures.

Marteney and Spadaccini (24) and TeVelde et al. (25) reported on the use of an
electrically heated metal reactor with dimensions of 0.317 cm OD by 0.277 cm ID by
240 cm in length. The residence times used in these tests were varied between (.16
second and 8.0 seconds. Comparisons ot deposit formation at various conditions were
performed in the experiments conducted. Velocity and test duration were found to be
important variables while fuel bulk temperature and pressure above the critical point had
a secondary influence on deposition. These authors also concurred that different regimes
characterized deposit formation with the autoxidation regime occurring befow 262°C and
the pyrolysis regime ot approximately 342°C with a transition region between these

temperatures.

Fabuss, et al. (26). reported on the rapid thermal cracking of n-hexadecane. The
reactor used in this study was a 3/8 inch OD, 1/8-inch ID, 51-inch long, 347 stainless
steel tube. The tube was heated by placing it in a three-zone furnace with a preheating
section, and residence times calculated for this reactor were between 0.25 and
10 seconds. Higher temperature reactions (1100 to 1300°F) were investigated in these

experiments, with chemical identification being performed on the reaction products.

A second reactor used in this study was referred to as a "micro-reactor” and a
small number of experiments were performed in conjunction with those experiments
performed on the larger reactor tube. This 114 cm tube was 0.02 inch ID. Residence
times of approximately 83 seconds were caleulated tor flow rates of 10 mil per hour
through the tube. The expernments were conducted at a pressure of 500 pst and the same
high temperatures as the lar rer reactor. Results showed hittle deposit tormation, probably

due to the small flow rates: product data on the smaller reactor was not reported.

A summary of the important conditions and reactor dimensions for studies

reported in the literature are summarized in Table 1.




TABLE 1

Summary of Reactor Conditions and Dimensions from Selected
Literature Studies Conducted in the Condensed Phase

Authors Reactor Residence Time Pressure Temperature
Hazlett, et al. annuiar (JFFTOT) 28 secs 500 psi 200-540°C
an (34.0 atm) (392-10(04°F)
Reddy, et al. annular (JIFTOT) 9 sces 500 psi 100-300°C
(19) (34.0 atm) (212-572°F)
Taylor. ct al. tubular (0.084" 1D, 25 sees 15-1.000 psi <649°C
(20-23) 1/4" OD. (1-68.0 atm) (<1200°F)
48" long)
Marteney, etal.  tubular (0.277 cm ID, 0.16-8.0 secs 400-800 psi 207-527°C
24) 0.317 cm OD, (27.2-54.4 atm)  (405-981°F)
TeVelde, et al. 240 cm long)
(25)
Fabuss. et al. tubular (1/8" ID, 0.25-10 secs 200-1.,000 psi 1.100-1.300°F
(26) 3/8" OD, (13.6-68.0 atm)  (593-704°C)
51" long)
micro (0.02" 1D, =83 sees* 500 pst 1.100-1,300°F

1/4 cm long

*83 scconds-calculated

10
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2.3 SUPERCRITICAL FLUIDS

The operating conditions for fuels 10 be used in advanced aircraft may include
conditions above the fuel :ritical temperature and pressure. The critical temperature tor
a liquid can be defined as he temperature above which a gas cannot be liquefied. no
matter how great the pressure (27). The pressure corresponding to this temperature on
the gas/liquid coexistence line is called the critical pressure (see Figure 4). When a
liquid or dense gas is above its critical temperature and pressure, i.e.. above its critical

point, it is considered a supercritical fluid.

Supercritical fluids possess several important properties which are characteristic
of both gases and liquids. For example, supercritical fluids have high solvating power.
viscosities approaching those of gases, and have no surface tension. The densities above
the critical point approach those of liquids and ditfusivities are like gases rather than
liquids. It is these properties which will allow supercritical fluids to have interesting
mass transport and thermal properties.

Supercritical
region

The critical point \

Pressure

Liquid Gas

Temperature

Figure 4. The Supercritical Regime Above the Critical Temperature and Pressure.
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Supercritical fluid behavior in jet fuels may provide significant advantages with
regard to thermal stability. Because supercritical fluids have high solvating power due to
their gas-like diffusitivity, solutes which may ordinanly form solids (insoluble in the fuel
matrix) may be solubilized and remain in the liquid phase. Because solvating power is
proportional to supercritical fluid density (27), temperature and pressure. the physical
properties of fluids are of great importance. In a practical sense. the formation of
deposits at high temperature and pressure (above the critical point) may not be as
important as the formation of deposits after the fuel is cooled and depressurized to
subcritical conditions.

Table 2 shows some of the major differences between liquids, gases and
supercritical fluids.

TABLE 2

Differences Between Liquids, Gases, and Supercritical Fluids

Liquid Supercritical  Gas
Fluid

solvation (mass solute/ 1.0 0.1 =0
mass solvent, g/g)
density (e.g., dodecane,  0.75 (25°C) =(.2 P,T dependent
g/ml)
diffusivity (cm2/sec) 10-5 10-3 101
viscosity (antipoise) 10-2 10-3 10-4

12




SECTION 3
EXPERIMENTAL

3.1 EXPERIMENTAL OVERVIEW

The CPTC Assembly was constructed as an integral part of the STDS. The
thermal reaction compartment (TRC) and the analytical GC were modified to
accommodate the condensed phase reactor assembly for conducting product analysis. A
sketch of the TRC, GC and sample introduction system are provided in Figures 5-8.

In this system, the fuel or model mixture to be investigated was filtered through a
0.22 um Millipore filter into a clean Alltech HPLC reservoir. Sparge gases (air for
oxygen saturated liquids, or heliumy/nitrogen for oxygen-free liquids) were introduced
through a stainless steel porous sparger to bring the fuel to a desired oxygen level. Off-
line analyses of sparging efficiencies were performed to evaluate the ability of the
sparger to remove the oxygen from the liquid system (see Figure 9). This initial study,
performed using selected ion monitoring, indicated that sparging could be conducted to
achieve various levels of dissolved oxygen in the feed reservoir for the system. Sparging
gas flow was maintained throughout an analysis, which was especially important when
conducting oxygen free experiments.

A SSI Model 300 constant delivery pump (0-5 ml/min) was used to provide
constant flow rates to the reactor tube. The reactant liquid was pumped into a Rheodyne/
Rainin pressure relief valve, through a tee connected to an Alltech pressure gauge and
then through two pulse dampeners (SSI and Alltech). The liquid, being pumped through
0.02-inch ID 316 stainless steel tubing, was filtered through a 0.5-4m high pressure filter
(SSI) and sent on to a flow switching valve (Upchurch Scientific). The same 1/16-inch
tubing was then used to direct the liquid into the reactor assembly (Figure 10) inside of
the high temperature furnace (Lindberg). The reactor was connected to two high
pressure, high temperature sampling valves (Valvco) and to a back pressure regulator
(Upchurch Scientific) which was the main pressure control point for the system.

The reactor was a 1/16-inch OD, 0.02-inch ID, 316 stainless steel tube with radial
fins and cooling devices to maintain control of temperature (Figure 10). Reactor
temperature was assumed to be constant due to uniformity provided by the radial fin
design; only one thermocouple was used in the 4.0-centimeter heated zone. The
difference between the wall temperature and the bulk temperature was assumed to be
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Figure 5. Sample Introduction System for the CPTC.
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Figure 6. Thermal Reaction Compartment (TRC) for the CTPC Assembly.
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Figure 7. (top) Schematic of Flow Patch for Helium Carrier and Backflush with
Pneumatics (R1 =50 ¢cm (0.01" ID); R2=50cm (0.01" ID): R3 = 100 cm
(0.005" ID) (bottom) GC Top Deck Schematic., R4 =5 cm (0.01" ID).
R5 =25 cm (0.01" ID)).
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Sample Introduction

Filter, sparge, refilter fuel/solution to be examined
Pump up to high pressure using HPLC pump
Monitor pressure, pulse damper., transport to thermal reactor

Thermal Exposure

Pump liquid into reactor
Controlled residence time and temperature
Fluid in reactor under backpressure control

Analytical Testing

HPLC sampling valve used 0 ,ampie bulk flow
Materials transporn -4i ww GC-MSD, GC-FID
Vaporize residual by heating lines

Extract highe. molecn!ar weight by SFE

Figure 8. Simplified Flow Chart for CPTC Experiments.
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Figure 9. Experimental Results for Sparging of Dodecane (Air Saturated) With Helium.
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negligible due to the extremely small diameter tubing and small flow rates. Itis
recommended that this assumption be studied in more detail.

The valves were capable of switching the liquid/dense gas material by means of a
sample loop (Figure 11) to the transfer line and gas chromatograph (Hewlett Packard
5890A). The inlet of the GC system provided for splitting of the sample to vent and to
each of two chromatographic capillary columns. These 0.25-mm ID, 0.25 um film
thickness columns (J&W) were connected to two detectors: a 5970B Mass Selective
Detector and Chemstation (Hewlett Packard) and a flame ionization detector connected
to a recording integrator (Hewlett Packard, 3390A).

A back flushing flow path was incorporated into the system to reduce the amount

of carryover and sample memory from one run to another (Figure 7).

An experiment was conducted by establishing liquid flow through the sampling
valves to the back pressure regulator. When the reactor temperature reached the desired
value and equilibrated, the main sampling valve was actuated, thereby sampling a portion
of the dense gas stream as it left the thermal reactor. The sampling loop with the liquid
sample was then exposed to a low pressure, high velocity helium stream, and the entire
sample compartment was heated in order to vaporize the material in the sample loop.
The heated vapor phase material was then swept into the cryogenically controlled GC-
MS-FID system for analytical detection of everything from dissolved gases to parent
material. Off-line samples were typically collected downstream of the back pressure
regulator for other GC-MS type anaiyses.

3.2 FLUID USED IN CPTC EXPERIMENTS

The mixture used in these experiments was n-dodecane with 0.3 weight percent
n-hexadecane and 35 parts per million by weight of butyl hydroxytoluene (BHT), a
phenolic antioxidant. The n-dodecane was used as received (Aldrich, 99% purity) and it
did have at least two impurities which were isomers of C12. The n-hexadecane
(Supelco) also contained impurities but was used as received. This mixture was chosen
to study n-dodecane with a simall component of another hydrocarbon which would act as

an internal standard and provide information about any adsorpiive effects or carryover in

the system.
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Figure 11. Valve Assemblies for Sampling Flow Stream Out of the Thermal Reactor.
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3.3 ANALYTICAL CONSIDERATIONS

After the sample had been removed from the high pressure portion of the CPTC,
it was exposed to a flowing helium stream in the analysis train at relatively low pressure.
The material condensed on the wall of the transfer tubes was then stripped of its fixed
gases and dissolved light gases. The temperature of the entire thermal reaction
compartment was then raised to vaporize all of the condensed material (again in a helium
stream) in the transfer lines. As the gas phase solutes were swept into the cryogenically
controlled GC-FID-MSD, the light gases (<C4)were transported through the capillary
column unaffected by the subambient temperatures. By monitoring for various fixed
gases and light gases in the Selected Ion Monitoring (SIM) mode and with the FID, an
entire set of non-retained compounds could be detected before the bulk of the fuel was
analyzed.

After the light gas analysis, the computer acquisition program was restarted and
the GC programmed up in temperature as in the typical operation of a GC-MSD system.
This action allowed the higher molecular weight (>C4) material to be transported
through the chromatographic column for separation and into the mass selective detector
for identification.
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SECTION 4
RESULTS

A number of different experiments were conducted to verify the operation of
various aspects of the CPTC. Examples demonstrating the feasibility of each technique
are provided in the following sections.

4.1 ANALYSIS OF DISSOLVED OXYGEN BY GC-MSD

Experiments were performed to demonstrate the ability of the Mass Selective
Detector (MSD) to perform an analysis of the level of dissolved oxygen in the n-dodecane
sample as it was pumped through the system at high pressure. Figure 12 illustrates
analyses at 30°C reactor temperature (500 psi) for both the air sparged and helium sparged
n-dodecane mixture. The mass spectrometer was operated in the selected ion monitoring
mode for higher sensitivity, monitoring the 32 ion. Results indicate that the mass
spectrometer can be used to monitor the dissolved oxygen level of mixtures exposed to
high temperatures and pressures. In fact, the mass spectrometer was capable of separating
all of the components of the dissolved gases (nitrogen, oxygen, argon, trace carbon
dioxide) due to the different atomic mass units of each compound in air.

Figure 13 shows the chromatographic response of argon and oxygen for one of the

analyses of dissolved gases.
4.2  ON-LINE DETERMINATION OF LIGHT GASES BY GC-MSD

The in-line analysis of products from thermal experiments performed in a closed
system is desirable. In the case of high temperature experiments, thermal cracking
products and dissolved oxygen are difficult measurements to perform off-line.
Therefore, fixed gases and C1 through C4 compounds were monitored using the mass
spectrometer and the flame ionization detector. Figure 14 shows an example of the

analysis of CI through C3 compounds in a low conversion exposure of n-dodecane.
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43  CONSISTENCY OF GC-MSD AND GC-FID ANALYSES

Two GC columns were employed to detect the products from the thermal
reactions. Their results were compared to verify that no selective splitting was occurring
in either column, so that the FID could be used for quantitation of reaction products
while the MSD could be used for qualitative identification of reaction products. Figure
15 shows the excellent agreement between these two sensitive detectors in these types of
analyses.

44  THERMAL REACTION PRODUCTS FORMED FROM DODECANE
MIXTURE AT 30, 200 AND 400°C

A baseline analysis at 30°C showed no degradation ot any of the compounds to
be examined in this series of experiments. The chromatograms shown in Figure 16
represent the changes that occur in the fuel as the reactor temperature is increased from
30 1o 400°C. The dissolved oxygen was consumed in the highest temperature run, and
there were a variety of products forming that were identified as a homologous series of
alkenes. Itisinterest’ | . note that the peak at 15.8 minutes was the antioxidant BHT
which was blende , ¢ ) the dodecane at 35 ppm and was present at a somewhat lower
level at 400°C  Even though the dissolved oxygen was eliminated there was still some
antioxidar . ieft. The 400°C and 500 psi experiment represented a set of conditions above
the critical temperature which, for dodecane is 386°C (28).

45  THERMAL REACTION PRODUCTS FORMED FROM DODECANE
MIXTURE AT 480°C

The results, shown in Figure 17 a and b, are the chromatograms for the highest
temperature experiment conducted under this effort. This analysis showed a significant
amount of cracking reaction products. These products were tentatively identitied by GC-
MS as a homotogous series of oletins and n-alkanes (see Figure 18). The larger of the
two peaks was the n-alkane tor C-6.7 and © but other chain lengths have different

distributions between the isomers produced.

Peaks eluting between the dodecane peak and the BHT were not positively
identifiL;! as either olefins or n-alkanes. Future experiments will be performed to isolate

and detect these compounds.
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Figure 15. GC-FID and GC-MSD Tracings for Dodecane Degradation Sample.
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All of the dissolved oxygen was consumed at these temperatures; however, as in
the 400°C analysis, there is antioxidant (BHT) present in the effluent from this analysis.
Apparently, it was not successful in completely protecting this mixture from oxidation
(the dissolved oxygen was used up in this reaction) or from thermal fragmentation. The
BHT peak was reduced in abundance from lower temperature non-degradative

experiments.

There were many compounds that could not be identified in these runs,
specifically at the final portion of the 480°C experiment (see again, Figure 17b). These
products are likely higher molecular weight products; their identifications may be
attempted in future efforts. Attempts to identify the tallest peak in the group indicated
the possibility that it may be a C24 compound, which is a chain terminating reaction in
many autoxidation reactions in the literature. Further work must be performed to

determine the identity of these and the other compounds in this experiment.
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SECTION 5
DISCUSSION

5.1 CHARACTERIZATION OF THE REACTOR

Calculations were performed to characterize the reactor for conditions at which
the CPTC was operated.

TABLE 3

Estimated Properties of n-Dodecane in CPTC Experiments

Reactor Pressure: 500 psi
Temperature: 480°C (900°F)
Flow Rate: 0.5 ml/min
Reactor Length: 4 cms
Reactor Diameter: 0.02 inch ID (0.0508 c¢cm)
Fluid: n-dodecane
diffusion coefficient (estimated): 1 x 10-3 cm2/sec*
density (estimated): 0.2007 g/ml*
viscosity (estimated): 2.14 x 104 Poise*
Residence Time: 0.97 second

*Reid, R. L. et al., Properties of Gases and Liquids and Appendix A.

At this particular flow rate, the Reynolds numbers are well in the laminar flow region for
various reactor lengths and diameters. Changing reactor lengths and internal diameter
gives the Reynolds Numbers shown in Table 4. Calculation of a Vessel Dispersion
Number (29) gives an indication that this reactor is near plug flow: vessel dispersion
numbers below 0.1 are fairly close estimates of plug flow (20). The combination of
reactor geometry and the Bodenstein Number from Table 4 indicates that an axial
dispersion model can be used to calculate residence time distribution. This implies that
the distribution of residence time will be an approximately gaussian function, although

its distribution was not calculated for this effort.

The assumption was made that the small reactor internal diameter and small flow
rate would allow the fuel to become heated to the reaction temperature very quickly.
Models are available to determine the differences between bulk fuel and wall temperature
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TABLE 4

Calculation of Important Reactor Parameters

Sample - n-dodecane
Temperature: 480°C

Viscosity (estimated) 0.000214 poise

Length

in. (cm)
1(2.54)
2 (5.08)
3(7.62)
4 (10.16)
S(12.7)

Length
in.,(cm)
1 (2.54)
2(5.08)
3(7.62)
4 (10.16)
5(12.7)

Length

in,(cm)

1(2.54)
2 (5.08)
3(7.62)
4 (10.16)
5027

Length
in. (cm)
1 (2.54)
2(5.08)
3(7.62)
4 (10.16)

Reactor
Diameter in

Reactor
Diameter in

Reactor
Diameter in

Reactor

Diameter in

Density (@ 500 pst, 480°C): 0.2007 g/l
Schmitt No.: 1,0662681
Mean Residence Time: 0.97 sec

Mean Linear Velocity cm, sec

0.01 0.02 0.04 0.08
2.6 2.6 2.6 2.6
5.2 5.2 5.2 5.2
7.9 7.9 7.9 7.9
10.5 10.5 10.5 10.5
13.1 13.1 13.1 13.1
Reynold's Number, dimensionless
0.01 0.02 0.04 0.05
62.4 124.8 249.5 3119
124.8 249.5 499.0 623.8
187.1 374.3 748.5 935.7
249.5 499.0 998.0 1247.6
311.9 623.8 1247.6 1559.4
Bodenstein Number (ReSc), dimensionless
- 0.01 0.02 0.04 0.05
67 133 266 333
133 266 532 665
200 399 798 998
206 532 1064 1330
333 665 1330 1663
Vessel Dispersion Number, dimensionless
0.01 0.02 0.04 0.05
0.0036 0.0140 0.0556 0.0868
0.0035 0.0139 0.0555 0.0866
0.0035 0.0139 0.0554 0.0866
0.0035 0.0139 0.0554 0.0866
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(30) and this analysis will be examined in future work. Other researchers (26) have
estimated heat-up times for higher flow rates on similar reactor dimensions to be 20% of
the residence time in the reactor.

5.2  DISSOLVED OXYGEN DISAPPEARANCE

The measurement of dissolved oxygen in the samples was consistent with
previous literature studies; the oxygen peak was not observed for experiments at
temperatures of 350°C and greater (see Figure 19). However, the disappearance of
oxygen was not accompanied by an increase in a detectable oxygenated product of any
kind, i.e., no detectable hydroperoxide formation as one of the initiation steps to the
autoxidation reaction.

Detectability is probably the key to this discrepancy. The dissolved oxygen was
detected by selected ion monitoring (SIM) at levels of 50 ppm and lower and the oxygen
was likely used up in peroxide formation. However, given all of the intermediates and
products that are probable according to the initiation, propagation, branching and
termination reactions previously reported (31), the levels of any one of the oxygenated
products was probably not of great enough concentration to be detecied. In addition, the
product analysis was performed in the scanning mode. which is at least an order of
magnitude less sensitive than SIM.

Certainly, the time of reaction is an important consideration when comparing to
the body of literature on autoxidation. Typical oxidation tests can run up to 4 hours and
longer (31) compared to a reactor residence time in this test of 1 second. Other
researchers (19) have been able to identify the autoxidation products from flowing tests
with 9 seconds residence time, but only after preparation and concentration of compound
classes. Future experiments will include this type of analytical work along with target
analysis in the more sensitive SIM mode.

5.3  REACTION PATHWAYS FROM DECOMPOSITION DATA

Oxygen was consumed at low temperatures (i.e. 350°C) which is below the
temperature necessary for pyrolytic cracking of dodecane. This implics that the oxygen
is initiating decomposition in what is typically referred to as an oxidative, pyrolysis
reaction scheme. In this schcme molecular oxygen may initiate degradation by

abstracting H atoms. The resulting radicals may then crack following well-documented
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radical decomposition reactions to form stable olefins and alkanes. These were

individually observed.

Because of the inability of this system to measure oxygenated products at low
enough levels, little more can be said about the autoxidation mechanisms. This detection
limit may be overcome by conducting experiments at longer residence tunes and by
collecting samples for off-line analysis and extracting and concentrating the samples
collected.

The pyrolysis mechanism was apparent in the experiments conducted at 480°C
(900°F). The formation of homologous series of normal alkanes and 1-olefins has been
demonstrated as the products of thermal decomposition for other straight chain
compounds such as polyethylene (32). Product distribution in this study was very much
dependent on the pyrolysis conditions. The mechanism of product formation in the
experiments on the CPTC was probably similar to that in polyethylene type studies. A
chain scission process and free radical formation were followed by hydrogen transfer
(hydrogen abstraction) reactions to produce the alkene and the alkane. In the
chromatogram for the 480°C experiment, the identity of the third peak could not be
determined, but may be the diolefin as described in the reactions outlined in the literature
(32). If the olefins are forming, of course, we suspect that hydrogen gas is also being
produced, which is also an event well documented in literature (26). We did not attempt
to measure hydrogen; the mass spectrometer was not capable of this type of

measurement.

The source of the water in the 480°C run is unknown and needs further work to
establish its effect. Dodecane is somewhat hydroscopic and no attempt was made to

exclude water from the reactant.
54 THERMAL DECOMPOSITION OF SUPERCRITICAL FLUIDS

Dodecane. under the conditions of temperature and pressure that were
investigated in this feasibility study. was a supercritical fluid. Its P value of 17.9
atmospheres and T. of 386°C (28) were exceeded in the 400°C and 480°C experiments
conducted at 500 psi. It was apparent that molecular oxygen did not survive under
supercritical conditions. Although the exact temperature of oxygen depletion was not
determined, it was significantly below supercritical conditions. Thus, thermal
decompositions for supercritical fluids will be a combination of oxidation and pyrolysis.

Flowing, supercritical experiments will continue to show time dependencies because the
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more the experiment is run, the more oxygen will be consumed and the greater (he
chance that these oxygenated products will migrate to and collect on the surface of the
metal tube. Future experiments will be conducted to collect more sample off-line and to
concentrate the oxygenates by liquid extraction with a suitable solvent, separating the

polar compounds from the nonpolar hydrocarbons produced in the reactions.

It is possible that the supercritical nature of the reactants and products formed
will allow them to migrate toward the walls of the reactor much easier than for
subcritical reactions. The viscosity and diffusion coefficients for compounds under
supercritical conditions would give them a greater chance for participating in wall
reactions. However, in these experiments, no deposits were ever formed, even though
the experiment was conducted for a matter of hours. In allowing the system to come to
equilibrium, the reactor was continually exposed to these supercritical fluids, but never
showed any significant pressure increases. The small diameter of tubing could have
plugged easily, unless the supercritical nature of the fuel allowed the compounds
produced to stay solubilized in the dodecane mixture. Compounds that were formed with
high molecular weight (such as those seen in the 480°C chromatogram) may be soluble
in the supercritical tluid, but may not be in subcritical fluid. More work needs to be
performed to determine the identity of the heavy compounds and their solubility in
supercritical fluids.

5.5 LIGHT GAS FORMATION

Although light gases (C1 through C4) were definitely formed in the high
temperature experiments, there was obviously a distribution of products identified
without a clear major product. Other researchers have suggested that the major product
of thermal decomposition tor straight chain compounds like dodecane under supercritical
conditions was ethylene (33). Although the conditions described in the literature were
different than those used in these experiments, we have no evidence to suspect that this
was the case. We have observed that the propylene and propane seemed to predominate
the light product formation at 480°C and 500 psig. Yields of heavier products (>C4)
were determined in the programmed temperature GC chromatographic analysis; the C8s

and C9s were the largest vields of the distribution from the C12 starting product
5.6  GAS PHASE REACTIONS VS. CPTC EXPERIMENTS

The relationships between flowing and static tests and between subceritical and

supercritical exposures of hydrocarbons are two critical issues with regard to future fuels.
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An important link may exist between reactions occurring in the liquid phase at relatively
low pressure (such as a flask test) and those that occur in the supercritical phase. It may
be that gas phase reactions provide an important link between these two regimes. Gas
phase oxidation studies. conducted in flowing air, provided some interesting results
conceming the decomposition of dodecane. Figure 20 shows the oxidation products
generated while performing an experiment at 350°C in air with 2.0 seconds residence
time. Other than the water, which may be due to the hydroscopic nature of dodecane,
oxidative reaction products included by a homologous series of acids in small
concentrations (see Figure 21). These acids had a characteristic peak shape on this
particular column and were, therefore, relatively easy to identify. The acetic and
propanoic acids were just two of the acids identified in the gas phase oxidation
experiment at 350°C.

More importantly, formation of the ketone and aldehydes in the gas phase
oxidation experiments (shown in Figure 20) was documented. These same products were
also products of fuel oxidation in static tests (34). Specifically, the aldchydes. ketones.
alcohols and acids were all observed as the major oxidation products at temperatures of
140 through 175°C for jet fuels and jet fuel surrogates under liquid phase conditions.
These same tests were extended in time to demonstrate the formation of deposits, soluble

and insoluble gums from these starting materials.

Thus, from the similar product formation in the two sets of experiments, it is
possible that there exists some relationship between gas phase pyrolysis and oxidation
reactions and liquid phase reactions. It may also be possible that gas phase reactions,
liquid phase static tests and liquid phase flowing tests may also be related and that the
mechanisms of product formation may be the key to determining the relationships
between this chemistry. If these mechanisms are important, the STDS and CPTC
assembly will be critical tools for conducting research in this area of jet fuel thermal and
oxidative stability.
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SECTION 6

CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE RESEARCH

The CPTC was designed in a manner similar to the design of the gas phase
reactor tor the STDS, with precise control of residence time, reactive atmosphere es el
of dissolved gases) and temperature and pressure. The overall purpose ot the CPTC was
to demonstrate the teasibility of conducting well conwrolled flowing experiments at high
temperatures and pressures, to conduct analyses of the products formed from these
thermal exposures, and to relate the product formation to the formation of gums and
deposits. In the experiments conducted thus far. no detectable deposits have been
formed, due to the low tlow rates of materials through the reactor, the short residence
times, and the supercritical nature of the mixtures investigated possibly tending to keep

reaction products more soiuble.

The GC-MS is an acceptable system for conducting the determination of
dissolved oxygen m jet fuels. Because it is a universal detector, it can be used to detect
any of the fixed or light gases as well as to perform product analysis on any of the pareni
materials or thermal decomposition products. In the scanning mode. 1t 1s not extremely

quantitative; thus, GC-FID-MSD is an appropriate analytical detection method.

The valves that sample the flow stream worked quite well. However, if
significant amounts of deposits are formed in the reactor, they may condense in the
sampling loop and create plugging of the sample lines. However, if experiments are
conducted from low temperatures to high temperatures, the analysis of the effluent will
give an indication of the amount of degradation occurring in the fuel. In other words,
unless products other than the feed materiat are detected in the bulk liguid stream. it is
unlikely that any deposits are forming. Unless deposit tormations were a completely
surface reaction, with no dependence on the bulk fuel properties (which it does not
appear to be), there should be a change in the bulk fuel composition before deposit

formation begins.

This system could be an excellent ool for studying additive effectiveness.
Because of the GC-MSD, additive concentration can be determined after high
temperature stressing. One of the measures of additive effectiveness which has been
overiooked to some extent is the actual concentration of the additive after stressing. In
other words, it additive concentration is stift high after signiticant degradation of the et

fuel or model mixture, the additive has not been very effective at deterring oxidation.
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GC-MS, especially in the selected ion monitoring mode, would be ar :iiectt. ool in

these kinds of evaluations.

We feel that the smaller the reactor is for thermal decomposition experi.nents, the
better experimental information can be obtained. Heat transfer probiems become less
important with the smaller reactor and fuel usage problems are reduced. An in-line
analysis mechanism is very important in being able to determine the quantity and identity
of the light and fixed gases, which are critical to understanding both the autoxidation and
pyrolysis mechanisms.

Future work regarding this system has been pointed out several places in the text.
Improvements in the analysis of the off-line samples could be made to obtain better and
more sensitive identifications of reaction products. The effect of supercritical fluids can
be investigated by conducting experiments in and around the critical point. The
investigation of antioxidant effectiveness can be performed on this system using the GC-
MS in the sensitive SIM mode. Long residence time and recirculation experiments (see
Figure 22) can be performed by a simple redesign of the reactor assembly and/or coiling
of the reactor. Certainly, pressure effects could be investigated by the addition of other

back pressure regulators onto the existing regulator.

In the gas phase, experiments involving the thermal decomposition of
hydroperoxides would be of interest. They should be fragmenting to alcohols, aldehydes
and ketones, even in the gas phase.

The eftect of surtaces could be investigated using an electroformed nickel tube
which has a much smoother inner surface compared to typical extruded tubing (see
Appendix B). In addition, surface coating techniques and passivation techniques may be

a good way to reduce the tendency for deposits to form on a surface.

In conclusion, the CPTC can address almost any type of thermal analysis for
liquids. Because of its sensitive in-line analysis capabilities and control of reactor
conditions, it can address the investigations of jet fuel thermal degradation in both the

subcritical and supercritical regimes.
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Appendix A

Calculations for estimates of density, viscosity and diffusivity for normal C13
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Reichenberg Method in Reid,
Gases -

D1
BR. +(1+CP.")

where N = viscosity, 4P

N0 = low pressure viscosity at system temperature
Q = 1.0 for non-polar compou nds
P, = reduced pressure

and:
_L982xi0~?
-
B = A(1.6552Tr - 1.2760) = 0.14025
0.1319

exp(5.2683:7r 0767 = 0. 22796

C= exp(3.7035Tr~ 198678y _ ¢ 11545

_2.9496

D exp(2.9190T, 166169 _ 3 54997

_ T _480+273
Tc 659K
P 34.0136

r=—= =1.9011
Pc 17.8912

Tr =1.1426

n (0.22796)(1.9011)3/2
o= 14

n (0.14025)(1.901 1) + (1+.11545(1.901 1> 74997y~

T4 _ 1 81161=-L
73624 n

=1+
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For non-polar gases (Thodos et al.)

4.61077-018 _2. 04~ 4TT 4 1,94, ~408Tr ,

o -
o (uP) = 7 oy =12 p 213

T¢ - critical temp, K = 659K
M = molecular weight 170.34 for C12H2g
P¢ = critical pressure (atm) = 17.8912 for CyoH»g

o _ 5.00587-1.22131+0.018798+.1 _ 3.90336
(2.94995)(0.0766199)(0.146186)  0.033042

n° =118.13uP
n=n x1.81161
n=214.0uP*—70_« 1P __ 4 214cp
1000uP 10mP
) 454g g
P (900F,500psi) =12.517 *———==0.2007 =
. -3 .2
D estimate:1x10"~" ¢cm* [ sec
CiaHae
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Appendix B

Use of electroplated nickel tubing to investigate surface effects due to roughness
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April 9, 1991

Mr. Richard C. Striebich
The University of Dayton
Research Institute

300 College Park
Dayton, Ohio 45469-0001

Dear Mr. Striebich:

At the recent PittCon you requested some samples of the new Valco
electroformed nickel tubing and copies of the micrographs of the surfaces of the
electroformed tubing. Enclosed are two eight inch pieces of electroformed nickel
tubing ( both 1/16 inch od 1 mm id and 1/32 inch od 0.5 mm id). These tubes
were cut with an electrochemical tube cutter, the ends were electropolished, and
were cleaned with high pressure steam. Also are enclosed micrographs of the
inside surfaces of the Valco electroformed tubing, Handy & Harmon extruded
nickel tubing, and Handy & Harmon extruded SS 316 tubing.

Sincerely yours,

S oo € Hrwnes

Mack C. Harvey

e
*

Micrograph of tube cut in half. .
Valco electroformed nickel tubing. SN
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Micrograph of tube cut in half.
- H & H extruded SS 316 tubing. |

53

PO Box 55603 Houston, Texas 77255 Telephone (713) 688-9345 Fax (713) 688-3948




Poge: 1

OBJECTS PARAMETER

LIST

Job name

Date

Time

# Objects
Units
Microscope mag.

U.S. GOvERNMENT PRINTING OFfFicE 750-113

: 910462

: 08/07/191
s 12:31:32
: 1
: microns

: 100.0
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